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ABSTRACT Molecular dynamics simulations of oxidized and reduced Clostridium beijerinckii flavodoxin in water have been
performed in a sphere of 1.4-nm radius surrounded by a restrained shell of 0.8 nm. The flavin binding site, comprising the active
site of the flavodoxin, was in the center of the sphere. No explicit information about protein-bound water molecules was included.
An analysis is made of the motional characteristics of residues located in the active site. Positional fluctuations, hydrogen bonding
patterns, dihedral angle transitions, solvent behavior, and time-dependent correlations are examined. The 375-ps trajectories
show that both oxidized and reduced protein-bound flavins are immobilized within the protein matrix, in agreement with earlier
obtained time-resolved fluorescence anisotropy data. The calculated time-correlated behavior of the tryptophan residues reveals
significant picosecond mobility of the tryptophan side chain located close to the reduced isoalloxazine part of the flavin.

INTRODUCTION

Flavodoxins are small bacterial flavoproteins which function
as low-potential electron-transfer proteins. Depending on the
oxidation state of the flavin, flavodoxins can exist in different
conformations (Mayhew and Ludwig, 1975; Watt et al.,
1991). The nature of these conformational changes is diffi-
cult to derive from the crystal structure alone. Therefore,
information on the dynamics of flavodoxin in its different
oxidation states is required. The motional characteristics of
flavin mononucleotide (FMN) in the protein matrix of oxi-
dized (OX) and reduced (HQ) Clostridium beijerinckii fla-
vodoxin have been studied earlier using time-resolved fluo-
rescence anisotropy measurements (Leenders and Visser,
1991, 1992; Leenders et al., 1993a, b).
Our goal was to gain insight in the active site dynamics.

The protein-bound flavin, comprising the active site of the
flavodoxin, can exist in three different oxidation states of
which the oxidized and fully reduced state have been shown
to be fluorescent (Visser et al., 1987; Visser, 1989; Leenders
and Visser, 1991, 1992; Leenders et al., 1993a, b). The active
site dynamics can thus be examined using flavin fluores-
cence. An advantage for using the flavin chromophore is the
fact that flavodoxin contains only one flavin residue per pro-
tein molecule, which may simplify the interpretation of ex-
perimentally obtained time-resolved fluorescence anisotropy
data.
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Computer simulations of macromolecular dynamics have
been performed for over 15 years. Early molecular dynamics
simulations of proteins were performed in vacuo, in the ab-
sence of solvent molecules (McCammon et al., 1977;
Northrup et al., 1980; Levitt, 1981; Ichiye and Karplus, 1983;
Levy, 1985; Aqvist et al., 1985, 1986; Henry and Hoch-
strasser, 1987). These vacuum simulations describe motional
features of buried residues rather well (van Gunsteren and
Karplus, 1982a; Harris and Hudson, 1991), but the dynamics
of residues located near the protein surface are distorted by
the vacuum effect (Axelsen et al., 1988; Chen et al., 1988;
MacKerell et al., 1988). Inclusion of solvent molecules in the
simulations improves the behavior of the latter residues re-
sulting in realistic low-frequency collective motion of parts
of the protein located at the periphery of the protein.
The results obtained with molecular dynamics (MD) simu-

lations can be validated with different experimental studies
and vice versa. The relation between these calculations and
experiments can be illustrated with some examples. First,
2-dimensional nuclear magnetic resonance (NMR) measure-
ments in combination with molecular dynamics simulations
have been shown to be of great help in obtaining information
about unresolved molecular structures (de Vlieg et al., 1986;
van Mierlo et al., 1990a, b). The structure of the retinol bind-
ing apoprotein was determined in this way by using the re-
lated structure of the holoenzyme as a starting structure in the
simulations (Aqvist et al., 1986). Secondly, Ichiye and
Karplus (1983) showed that the fluorescence depolarization
on the picosecond time scale of tryptophan residues of ly-
sozyme could be calculated using the results of a molecular
dynamics simulation. Because the resolution of the time-
resolved fluorescence anisotropy experiments is limited to
the picosecond time scale, only the effective zero-time an-
isotropies and/or fast decaying anisotropies with decay times
in the picosecond range can be compared with the calculated
values. Fluorescence anisotropy measurements can be re-
lated to the time correlation function, which describes the
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angular displacement of the emission transition dipole mo-
ment (Ichiye and Karplus, 1983). Comparison of MD cal-
culations and fluorescence anisotropy decay measurements
is normally limited to a few protein residues (e.g., trypto-
phans and tyrosines), but in case of flavodoxin an additional
chromophoric group, the isoalloxazine ring system of the
flavin, can be used.

In this study we performed molecular dynamics simula-
tions of the active sites of oxidized and reduced flavodoxin
in a solvent environment. The calculated characteristics of
both oxidation states were compared with each other as well
as with those obtained with time-resolved fluorescence mea-
surements (Leenders and Visser, 1991, 1992; Leenders et al.,
1993a, b).

COMPUTATIONAL PROCEDURE

MD simulations were carried out using the GROMOS pack-
age (van Gunsteren and Berendsen, 1987) on the Cray
Y-MP4/464 computer at SARA Scientific Computing Ser-
vices Amsterdam. The GROMOS force field involves terms
for bond stretching, bond-angle bending, dihedral angle
bending and improper dihedral angle bending interactions,
and nonbonded terms describing the Van der Waals' and
electrostatic interactions. No explicit hydrogen-bonding
term was included because this interaction is accounted for
by the nonbonded interactions (Reiher, 1985), but the van der
Waals' repulsion properties of polar atoms were increased as
compared with the normal repulsion parameters (Hermans
et al., 1984). MD simulations of both oxidized and reduced
flavodoxin were performed in order to obtain a more de-
tailed insight in the role of flexibility of the active site of
flavodoxins in case of a redox change. The x-ray coordi-
nates for oxidized and semiquinone clostridial flavodoxin
(Brookhaven structures 3FXN and 4FXN, respectively)
have been determined with 0.19-nm and 0.18-nm resolution,
respectively (Burnett et al., 1974; Smith et al., 1977). Com-
parison of the diffraction patterns from crystals of the semi-
quinone and fully reduced flavodoxin (Ludwig et al., 1971),
1D-NMR studies (James et al., 1973), and 2D-NMR studies
(Leenders et al., unpublished data) showed that the tertiary
structure of fully reduced clostridial flavodoxin is nearly
identical with that of the semiquinone form. The coordinates
of the two resolved crystal structures were used as starting
conformations, where in reduced flavodoxin flavin atom
N(1) was kept unhydrogenated in agreement with nuclear
magnetic resonance studies (Vervoort et al., 1986). For oxi-
dized flavin the standard GROMOS force field has been
used. For reduced flavin the standard force field parameters
were modified slightly, partitioning the resulting negative
charge over the flavin atoms N(1) and 0(2) (see Fig. 1). The
partial charges used for atoms N(1), C(2), and 0(2) were
-0.635 q, +0.27 q, and -0.635 q, respectively. These partial
charges were based on the results of molecular orbital cal-
culations; they were incorporated as one charge group in the
GROMOS topology.

R

Oxidized (OX)

2e, H+ It 02

Reduced (HQ)

FIGURE 1 The molecular structure ofoxidized and two-electron-reduced
flavin mononucleotide (FMN). The molecule is composed of a isoalloxazine
ring system and a ribityl side chain, R (-CH2-(C(OH)H)3-CH2-O-phos-
phate). Upon reduction the protein-bound flavin atom N(1) remains unhy-
drogenated; the resulting negative charge is delocalized (see text).

Molecular topologies for oxidized and reduced flavodoxin
were generated using the GROMOS residue topologies of
RT37C and interaction function parameters of IFP37C4. In
the GROMOS force field, hydrogens attached to nonpolar
carbon atoms are incorporated in the latter forming united
atoms, which reduces the required computer time signifi-
cantly. Only the hydrogens able to form hydrogen bonds
were included explicitly. Each flavodoxin was placed in a
rectangular box filled with equilibrated simple point charge
(SPC) water molecules (Berendsen et al., 1981). All solvent
molecules that were positioned less than 0.23 nm from a
flavodoxin atom were deleted. The best way to minimize
edge effects caused by the vacuum is to use periodic bound-
ary conditions, but because these simulations are still very
computer intensive, only a solvent-sphere surrounding the
active site has been simulated. The edge effects are then
minimized by harmonically restraining the positions of the
atoms in the outer shell of the protein-solvent system,
whereas the atoms in the inner sphere are simulated without
any positional restraints. In case of the simulations per-
formed in this study, an inner sphere of 1.4 nm surrounding
the center of the flavin chromophore was simulated without
any positional restraint, whereas a shell of 0.8 nm (the atoms
located between 1.4 nm and 2.2 nm from the flavin) was
position-restrained to confine the shell-atoms to the simu-
lation region (see Fig. 2). The force constant used for
position-restraining was 10 kcal.mmol-l.A-2). All residues
that were partly located within the 1.4 nm sphere were totally
included in the freely simulated region. Residues that are part
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FIGURE 2 Schematic representation of a simulated system. The flav
isoalloxazine ring system is surrounded by a 2.2 nm sphere containing pri
tein atoms and solvent molecules. The protein backbone is presented by
ribbon structure.

of the a-helix directed toward the negatively charged flavi
phosphate are included in the simulation because of the
supposed stabilizing effect (Hol et al., 1978). The radius (
the inner sphere was chosen large enough to include the thre
tryptophan residues located close to the flavin, enabling
comparison of the simulated tryptophan behavior with e)
perimental results (Leenders et al., to be published). Tk
simulated systems consisted of 1034 protein (united) atorr
with 1108 solvent molecules for the oxidized flavodoxin, an
of 1027 protein atoms with 1090 solvent molecules for th
reduced flavodoxin. For obtaining low-energy conform-
tions, without local strain, the energy of the two systems wE
minimized for 100 steepest descent and 50 conjugate grz
dients steps. During energy minimization the solvent mo
ecules located in the inner sphere were allowed to mov
freely, while the flavodoxin conformation was position rt
strained. The procedure was then repeated with the solvei
molecules position-restrained and the flavodoxin atoms fre
After this energy minimization no extra water molecule
could be positioned indicating that a proper water densit
was achieved. TheMD simulations were started by randoml
assigning velocities (from a Maxwellian distribution) to tb
atoms yielding an overall kinetic energy corresponding t
300 K. Any residual transitional motion of and rotation;
motion about the center ofmass was removed from the initic
velocities to simplify analysis of the subsequent conformE
tional fluctuations. The leap frog algorithm (Hockney an

Eastwood, 1981) was used for integrating the equations of
motion in cartesian coordinates. The SHAKE algorithm
(Ryckaert et al., 1977; van Gunsteren and Karplus, 1982b)
was used to constrain all covalent bonds allowing an inte-
gration time step of 2 fs. During the simulation the systems
were coupled to an external bath with constant temperature
(Berendsen et al., 1984), with temperature relaxation times
of 0.1 ps. The systems were equilibrated until the total po-
tential energy as well as the root mean square (rms) differ-
ence between the simulated structure and the initial x-ray
positions remained constant. After these time points the co-
ordinates, velocities, and energies were recorded every 25
steps (0.05 ps) until 375-ps trajectories were completed. Be-
fore analysis of the successive protein structures in the tra-
jectories, a least squares fit was performed on the positions
of the C(a) atoms. In the analyses only the freely simulated
inner sphere of 1.4 nm is considered to avoid disturbing ef-
fects resulting from the applied position restraints or from the
vacuum outside the simulated 2.2 nm sphere.

RESULTS AND DISCUSSION

Structure comparison and dynamics
Energy-minimization of the oxidized and reduced flavodox-
ins had reduced the potential energy to about -3.3 * 104 kJ/

rin mol. The molecular dynamics simulations were started and
0o- the total potential energy as well as the root mean square

deviation between initial x-ray and MD-structure were moni-
tored (van Gunsteren and Mark, 1992). The oxidized fla-
vodoxin equilibrated within 60 ps, whereas the reduced fla-

in vodoxin reached equilibrium somewhat earlier (after 50 ps).
ir The root mean square (rms) positional fluctuations, AR, were
Df calculated according to:
a.e
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where Axi, Ayi, and Azi are the differences between the in-
stantaneous and averaged atomic coordinates for the i-th
atom, the brackets ((... )) represent a time average, and the
summation is over backbone and side chain atoms of the
individual solute residues surrounding the center of the iso-
alloxazine ring system (inner 1.4 nm sphere). The backbone
rms fluctuation, ARB, averaged over C, 0, C(a), and N atoms
of the 51 residues located in the freely simulated inner sphere
was almost identical for oxidized and reduced flavodoxin
(ARB is 0.037 and 0.041 nm, respectively), indicating quite
rigid overall structures in both oxidation states (see Figs. 3A
and 3C). This is in accordance with earlier results obtained
with several spectroscopic techniques. From crystallo-
graphic studies (Burnett et al., 1974; Smith et al., 1977), it
is known that clostridial flavodoxin has a compact structure
with a central anti-parallel /3-sheet embedded by four at-he-
lices. Furthermore, two-dimensional NMR studies of the
clostridial flavodoxin (Leenders et al., unpublished data) and
the closely related Megasphaera elsdenii flavodoxin (van
Mierlo et al., 1990a, b) showed that these flavodoxins have
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FIGURE 3 Rms fluctuations and
differences for oxidized and reduced
flavodoxin. A, rms fluctuations of oxi-
dized flavodoxin (OX); B, rms differ-
ence between time-averaged and x-ray
structure for OX; C, rms fluctuation of
reduced flavodoxin (HQ); D, rms dif-
ference between time-averaged and
x-ray structure for HQ. The values for
backbone (BB) and side chain (SC)
atoms are drawn with filled and open
bars, respectively. Only the amino
acids are presented of which both
neighbors were simulated without any
positional restraints.
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compact structures without great fluctuations. The average
rms fluctuation of the amino acid side chain atoms, ARs, is
somewhat larger than for the backbone atoms (Figs. 3A
and 3C). For oxidized and reduced flavodoxin, ARs was

0.058 nm and 0.073 nm, respectively. The absence of steri-
cally hindering bulky side chains in the glycines adjacent
to residue Trp9O combined with the fact that this trypto-
phan residue is located at the periphery of the protein re-

sult in large fluctuations of the tryptophan indole group in
both oxidation states (Figs. 3A and 3C). This flexibility is
examined in more detail in the section about tryptophan
motional characteristics.
The rms fluctuation of oxidized and reduced flavin is

0.079 nm and 0.065 nm, respectively, and indicates that the
flexibility of the protein-bound flavin is comparable with
fluctuations of the backbone and side chain atoms of amino
acid residues located in the vicinity of the chromophore. The
magnitude of the flavin fluctuations does not appear to be
influenced by less mobile amino acids that are part of
a-helices and/or f3-sheet. The rms fluctuations are distributed
rather uniformly over the isoalloxazine ring system and ri-
bityl side chain of both oxidized and reduced flavin. The only
significant difference is found within the flavin phosphate
group in the oxidized flavodoxin, which has higher rms fluc-
tuations than the rest of the flavin. This behavior will be
discussed later in some detail.

It is interesting to examine whether any correlation exists
between the motional freedom of the flavin chromophore and
the amino acids surrounding it. Therefore, atomic fluctuation
cross-correlations were calculated using:

QF,a)
(ARF ARI) (2

C(F, a) ((ARF)2)112 .((Ra )2)1/2 (2)

where ARF and ARa is the (atomic) displacement from the

mean position of the atoms of the flavin mononucleotide and
amino acid residue, respectively. For both simulations three
parts of the protein are found that show atomic fluctuations
that are (positively) correlated with the flavin fluctuations
(see Table 1); these regions are bound by residues 7 to 9, 54
to 60, and 87 to 89. The first region is part of the phosphate
binding site, and the other residues are part of the isoalloxa-
zine binding site. The correlations, which are found to propa-
gate to approximately 1.1 nm in both oxidized and reduced
flavodoxin, are always somewhat higher in reduced protein
(see Table 1), except for residue Trp9O. From the crystal-
lographically obtained three-dimensional flavodoxin struc-
tures the side chain of residue Trp9O seems to be stacked to
the isoalloxazine part of the flavin. However, from the simu-
lation of oxidized and reduced flavodoxin, there is no sign
of correlated motion of the two ring systems.

For oxidized and reduced flavodoxin the rms differences
between the x-ray structure and the averaged MD structure
are obtained using:

Nat 11/2
Ar = L E (rx - (ri)MD)2 1

at i -i

(3)

where rx and (ri)MD are the atomic position of atom i in the
crystal structure and in the averaged MD structure, respec-

tively, and the summation is over all atoms located in the
1.4-nm inner sphere. Figs. 3B and 3D show that the averaged
MD structures of both oxidized and reduced flavodoxin have
a high resemblance with their starting x-ray structures. The
average rms differences of the backbone atoms, ArB, are

0.072 nm and 0.056 nm for oxidized and reduced flavodoxin,
respectively. However, in both oxidation states the backbone
of loop 57-63 has significantly higher average rms differ-
ences (ArB of about 0.15 nm) suggesting that this part of the
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TABLE 1 Equal-time cross-correlations of the flavin chromophore positional fluctuations with those of amino acid residues in
the oxidized and reduced flavodoxln*

Residue C(OX) C(HQ) Ray (nm) Residue C(OX) C(HQ) Ray (nm)

Trp6 0.05 0.13 1.02 Gly86 0.08 0.07 1.02
Ser7 0.09 0.33 1.07 Ser87 0.10 0.26 0.67
Gly8 0.15 0.31 0.85 Tyr88 0.18 0.26 0.80
Thr9 0.10 0.30 0.86 Gly89 0.32 0.48 0.55
GlylO 0.15 0.13 1.02 Trp9O 0.16 0.06 0.67
Asnll 0.29 0.11 0.87 Gly9l 0.17 0.21 0.89
Thr12 0.10 0.21 0.92 Asp92 0.08 0.05 1.20
Glu13 0.09 0.17 1.31 Gly93 0.04 0.05 1.13

Lys94 0.07 0.19 1.38
Gly52 0.06 0.07 1.30 Trp95 0.06 0.18 0.92
Cys53 0.00 0.04 0.94 Met96 0.04 0.10 1.26
Ser54 0.20 0.28 0.56
AlaSS 0.32 0.38 0.41 Valll7 0.12 0.12 1.07
Met56 0.17 0.30 0.58 Glnll8 0.18 0.24 0.97
Gly57 0.29 0.50 0.77 Asnll9 0.14 0.19 0.73
Asp58 0.23 0.43 0.97 Glu12O 0.05 0.14 1.10
Glu59 0.25 0.43 0.90
Val60 0.20 0.27 0.96
Leu61 0.08 0.08 1.14

* The average distance, Ray, between amino acid and flavin chromophore calculated from both oxidation state is indicated.

protein has a solution structure that is different from the crys-
tal structure. This difference is even larger for the side chains
of these residues (Ars's more than 0.2 nm).
The average rms difference of the protein-bound flavin,

ArF, is 0.104 nm and 0.145 nm for the oxidized and reduced
flavin. Inspection of Fig. 4 shows that in the average simu-
lated structures the oxidized flavin isoalloxazine ring system
is translated and the reduced flavin ring system is somewhat
rotated as compared with the initial x-ray structures. These
findings were confirmed by comparison of the structures on
a graphical display system. This slight rotation (of about 110)
could be a result of the choice of the charge partitioning on
flavin atoms N(1) and 0(2). However, because the
apoprotein-to-flavin distances in the averaged MD structures
are comparable with the distances in the solution structure of
the related M. elsdenii flavodoxin (van Mierlo et al., 1990a),
it is more likely that the flavin in the reduced flavodoxin has
a solution structure that is slightly different from the initial
x-ray structure. This could mean that the semiquinone and
fully reduced flavodoxin have somewhat different active site
conformations.

Comparison of the averaged MD structure of oxidized fla-
vodoxin with that of fully reduced flavodoxin (data not
shown) yields a backbone rms difference of 0.063 nm in-
dicating that the overall structure of flavodoxin is more or
less independent of its oxidation state (the backbone rms
difference between the initial x-ray structures is 0.028 nm).
The backbone atoms in specific regions have rms differ-
ences up to 0.2 nm (residues 56 to 64 and residues 90 and
91). The former difference is explained by the fact that in
the reduced state the carbonyl of residue Gly57 is rotated
toward the flavin as was demonstrated for the semiquinone
state (Smith et al., 1977). This rotation is compensated by
movement of backbone atoms located near residue Gly57.
The latter difference is mainly the result of a change in
backbone conformation near residue Trp9O in the simu-
lated reduced flavodoxin.
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The flavin rms difference between the averaged oxidized
and reduced MD structures is 0.107 nm, which is of the order
of the flavin rms difference between the initial crystal struc-
tures (0.073 nm). This means that the flavin as well as resi-
dues surrounding it occupy comparable positions in oxidized
and reduced flavodoxin. The active site structure and dy-
namics of the flavodoxin in the oxidized and reduced state
is examined in terms of hydrogen bonding patterns, dihedral
angle transitions, solvent behavior, and flavin and tryptophan
motional characteristics.

Dihedral angles

All active site dihedral angles (including the flavin dihedrals)
of oxidized and reduced flavodoxin were monitored. As
found earlier the solvent has a damping effect on the dihedral
angle motion (van Gunsteren and Karplus, 1982a). The av-
erage backbone dihedral angles with their corresponding rms
fluctuations are listed in Table 2. It is obvious that the back-
bone dihedrals show relatively small fluctuations, dihedral
angle w in particular. Attention was focused on dihedral
angle transitions in order to locate regions with higher back-
bone flexibility. To define a transition, the dihedral angle has
to cross the minimum between two adjacent dihedral poten-
tial wells. Furthermore, this transition should have a long
enough lifetime. Because dihedral angle transitions occur
typically in about 1 ps, an arbitrary choice for the minimum
transition lifetime should at least be 2 ps. With this strict
definition only a few backbone dihedral angle transitions
occurred during the 375-ps trajectories.

In the oxidized flavodoxin 10 backbone dihedral angle
transitions occurred involving dihedrals tP9 (backbone di-
hedral angle t, of residue Thr9), 410, tP90, 491, whereas in
the reduced flavodoxin only 2 short-lived transitions oc-
curred that involved dihedrals tP9 and 410. This is in ac-
cordance with the relatively high backbone rms fluctuations
around these residues and results in different average back-
bone dihedral angles in these regions in oxidized and reduced
flavodoxin. For example, dihedral angle 440 in oxidized fla-
vodoxin has an average value of 40.80, whereas in reduced
flavodoxin this dihedral is 5.20 (the rms fluctuations in this
dihedral angle were similar in both oxidation states: 23.50
and 17.80, respectively). Another significant difference is
found at backbone dihedral angles near residue Trp9O: 489-
(OX) is -98.0° ± 17.10 and 089(HQ) is -66.3° + 16.50;
+90(OX) is 9.90 47.90 and 4i90(HQ) is -34.0° ± 15.00.

TABLE 2 Average backbone dihedral angles of oxidized
(OX) and reduced (HQ) flavodoxin with their corresponding
rms fluctuations*

OX HQ

Dihedral angle Average rms Average rms

w (C(a)-C-N-C(a)) 177.9 5.4 178.6 5.5
4) (C-N-C(a)-C) -79.8 9.6 -83.2 9.8

A similar large fluctuation as in +90(OX) was found in the
average dihedral angle 4)91(OX): -105.90 ± 43.4°. The cor-
relation between the fluctuations in dihedral angles 490 and
491 was calculated similar to Eq. 2. From the normalized
cross-correlation coefficients, C(OX) is -0.94 and C(HQ) is
-0.44, it can be concluded that these dihedral angles have
fluctuations that are anticorrelated in both oxidation states,
in particular in the oxidized flavodoxin. Another backbone
dihedral angle differs considerably between the two sim-
ulated oxidation states: +57(OX) is 99.90 ± 17.30 and
057(HQ) is -114.1° ± 12.80. This indicates that, although
an extra hydrogen bond is formed upon reduction, this
does not result in an altered mobility of this backbone di-
hedral angle of residue Gly57.
The flavin was also monitored for dihedral angle transi-

tions. The only transition that occurred was of the ribityl side
chain dihedral angle, C(E)-O(O)-P-O. From this behavior it
could be concluded that the phosphate group in the oxidized
flavodoxin is bound more loosely than in the reduced protein,
as was already demonstrated by the relatively high rms fluc-
tuations of the atoms in the phosphate group. The dihedral
angle switches between roughly two values: -60° and 600.
From the trajectories it can be calculated that in the oxidized
state the value of this dihedral angle is -60° for 53% of the
time, whereas in reduced flavodoxin this is 94%. This dif-
ference is also reflected in the difference in hydrogen bond-
ing of the flavin phosphate with the apoprotein (Asnll); in
oxidized flavodoxin this hydrogen bond exists for 50% of the
trajectory and in reduced flavodoxin this is 91%.

This shows that in the active site region differences in both
conformation and flexibility between the different oxidation
states exist.

Intramolecular hydrogen bonding

From crystallographic studies of Cl. beijerinckii flavodoxin
(Burnett et al., 1974; Smith et al., 1977) it is known which
parts of the polypeptide chain surround the noncovalently
bound flavin chromophore. It is also known that upon re-

duction of the flavodoxin the carbonyl group of residue
GlyS7 rotates toward the flavin atoms N(5) and H(5) (Smith
et al., 1977). This indicates a role for one or more intramo-
lecular hydrogen bonds influencing the motional behavior
and characteristics of the isoalloxazine ring system in the
reduced state. Therefore, the presence of hydrogen bonds
during the simulations was investigated by scanning the
375-ps trajectories. The criteria for a hydrogen bond were
taken as follows: the distance between hydrogen and accep-

tor atoms should be less than 0.25 nm and the angle between
donor, hydrogen, and acceptor atoms has to exceed 1350.
Hydrogen bonds involving flavin atoms in oxidized and re-

duced flavodoxin are listed in Table 3. From this Table it is
obvious that both oxidized and reduced flavin are bound to
the apoprotein by a large number of hydrogen bonds. An
average overall number ofhydrogen bonds can be calculated:
the reduced flavin is bound by 14 H-bonds and the oxidized
flavin by 11 H-bonds. The flavin phosphate group, which is

t, (N-C(a)-C-N) 24.5 10.5 31.1 9.5
* The fluctuations were calculated similar to Eq. 1.
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TABLE 3 Selection of hydrogen bonds involving flavin atoms, frequently occurring during the 375-ps simulation of oxidized
(OX) and reduced (HQ) flavodoxins*

Donor - Acceptor Donor - H - Acceptor OccOx OCCHQ

Ser7 - FMN 0(y) - H(y) - OT1 99
Gly8 - FMN N - H - OT1 37 10
Gly8 - FMN N - H - OH 87
Thr9 - FMN N - H - OH 37 10
Thr9 - FMN O('yl) - H(,yl) - OT2 28 60
GlylO - FMN N - H - OT2 42 54
Asnll - FMN N - H - OT2 50 91
Thr12 - FMN N - H - OT1 16 91
Ser54 - FMN 0(y) - H(y) - OT1 54 30
GluS9 - FMN N - H - 0(4) 72 86
Gly89 - FMN N - H - N(1) 62 53
Gly899 - FMN N - H - 0(2) 45 81
Trp9O - FMN N - H - N(1) 98
Gly9l - FMN N - H - 0(2) 56 99
FMN - AlaS5 O(P3) - H(3) - 0 56
FMN - GlyS7 N(5) - H(5) - 0 - 78
FMN - Ser87 0(S) - H(8) - O(Ty) 79 91
FMN - Asnl19 0(y) - H(y) - 0(61) 15

Occurrences less than 10% of the simulated time, are indicated (-).

surrounded by residues 8-12 and 54, is bound more firmly
in the reduced flavodoxin as compared with the oxidized
flavodoxin. The reduced flavin pyrimidine ring, surrounded
by residues 59 and 89-91, is also bound in a more rigid
manner than in oxidized flavodoxin as can be extracted from
the hydrogen bonds involving flavin atom 0(2) (Table 3).
The stability of the flavodoxin is indicated by the presence

of a large number of (equivalent) hydrogen bonds within the
oxidized and reduced apoprotein itself (data not shown). A
selection of some differences in hydrogen bonding involving
nonflavin atoms located in the freely simulated inner sphere
is shown in Table 4. The protein structure, judging from
analysis of all occurring hydrogen bonds, is nearly identical
in the two oxidation states as was found when comparing the
averaged atomic positions in both oxidation states.

Solvent behavior

In the dynamics calculations no information was included
about specific protein-bound (crystal) water molecules. All
solvent molecules were initially part of the bulk solvent. The
solvent molecules located between 1.4 nm and 2.2 nm from
the center of the flavin were position-restrained to minimize
distortions, which are the result of the vacuum beyond the
outer sphere. In the oxidized and reduced flavodoxin, 194
and 201 solvent molecules were simulated without any po-

sitional restraints (inner sphere). These solvent molecules
show rms fluctuations ranging from 0.03 nm to 1.18 nm,

indicating that some water molecules are almost immobi-
lized, whereas others exhibit considerable motion. The over-

all solvent rms fluctuations are similar in both runs (ARso, is
0.53 and 0.48 nm for the oxidized and reduced flavodoxin,
respectively). The solvent molecules which have the smallest
rms fluctuations are possibly bound to the protein, as some

water molecules were demonstrated in the crystal structures
of oxidized and semiquinone flavodoxin (Burnett et al.,
1974; Smith et al., 1977). Therefore, the protein-solvent hy-
drogen bonding behavior was calculated from the 375-ps
trajectories (we will call these interactions intermolecular).
The trajectories have been scanned for interactions be-

tween oxygen atoms in solvent molecules and any polar atom
in the flavodoxin. The same criteria as for intramolecular
hydrogen bonds were used. In both oxidation states some

water molecules are located at close distance from the flavin
during the entire run.

In the oxidized flavodoxin seven water molecules form
hydrogen bonds with flavin atoms. During the span of the
simulation, flavin atom N(3) forms hydrogen bonds with two
water molecules that are both involved in other intermo-
lecular hydrogen bonds (with the backbone oxygen of resi-
due Trp9O and with the side chains of residues Asp58 and
Glu59). The two hydrogen bonds between flavin atom N(3)
and the two water molecules exist for 16% and 43% of the
simulation time. The other five water molecules form
hydrogen bonds with oxygen atoms of the ribityl side chain.
In particular, atom O0(y) interacts with three different water

TABLE 4 Selection of hydrogen bonds involving nonflavin atoms which have large differences in occurrence between oxidized
(OX) and reduced (HQ) flavodoxin

Donor - Acceptor Donor - H - Acceptor OccOx OCCHQ

Trp6 - Glu65 N(E1) - H(E1) - 0(El) 43
Ser7 - Glu13 0(y) - H(y) - 0(El) 99
Glu13 - Ser7 N - H - O(y) 72
Asp92 - GluS9 N - H - O(E2) 67
Asp92 - Glu59 N - H - 0(E) 59
Gly93 - Glu59 N - H - 0(E) 99
Lys94 - Glu59 N - H - 0(E) 99
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molecules, one of which is bridged to the side chain of resi-
dues Asnil (29%) and Asnl19 (28%). In the crystal structure
of oxidized flavodoxin, this water molecule is called W-2
(Burnett et al., 1974). The hydrogen bond involving the water
molecule bridged to residue Asn1l9 exists for 42% of the
simulation time, whereas the other two H-bonds occur 10%
of the time. The latter water molecule and two other water
molecules form hydrogen bonds with the ribityl phosphate
group. One of these water molecules is not only bound to a
oxygen atom of the phosphate group (43%) but is also bound
to the side chain of residue Ser7 (65%) and the backbone
nitrogens of residues Asnll and Glu13 (28% and 99% of the
time, respectively). This water molecule is called W-1 in the
crystal structure of oxidized flavodoxin (Burnett et al., 1974).

In the reduced flavodoxin also seven water molecules are
found to form hydrogen bonds with the flavin chromophore.
Contrary to oxidized flavodoxin flavin atom 0(2) is involved
in a relatively strong hydrogen bond (present for 63% of the
time) with a water molecule, which also interacts with the
backbone nitrogen of residue Gly93 (19%). This water mol-
ecule is called W-3 in the crystal structure of semiquinone
flavodoxin (Smith et al., 1977). Ribityl-side chain-atom O(,3)
forms a hydrogen bond with a water molecule (18%), which
is also involved in H-bonds with residues Ser54 (26%) and
AlaS5 (13%). As in oxidized flavodoxin flavin atom O(,y)
forms H-bonds with three water molecules (47%, 18%, and
10%) that are also bridged to the side chains of residues
Asnll (39%) and Asnll9 (36%), and the backbone oxygen
of AlaS5 (11%). Two of these water molecules were dem-
onstrated to be present in the crystal structure of semiquinone
flavodoxin (W-2 and W-4). The flavin phosphate group in
reduced flavodoxin is surrounded by three water molecules
that form H-bonds for part of the simulation time (35%, 29%,
and 21%, respectively). These water molecules also form
hydrogen bonds with residues Thr9 (26%), Ser54 (25%), and
Ala55 (22%). The water molecule involved in H-bonds with
the flavin phosphate group and residue Thr9 is called W-1
in the crystal structure.

Although no crystallographic water molecules were in-
corporated explicitly in the initial structures, the simulations
predicted all crystallographically determined waters cor-
rectly. Furthermore, some additional water molecules were
demonstrated to form hydrogen bonds with the apoprotein
during the simulation (vide supra). In contrast with what
might be expected from the crystal structures the protein-
bound water molecules are not bound all of the time. Gen-
erally, the strongest hydrogen bonds between water mol-
ecules and protein atoms exist for 40-50% of the time, but
the majority of the protein-solvent hydrogen bonds is present
for shorter periods indicating a dynamic active site, in which
the noncovalently bound flavin chromophore is stabilized by
a combination of interactions between flavin, protein, and
solvent atoms.

Flavin and tryptophan motional characteristics
With time-resolved fluorescence depolarization measure-
ments, the mobility of chromophores can be determined from

the decay of the anisotropy:

r(t) = ill(t) - iL (t)
ill(t) + 2i I(t) (4)

where ill(t) and i±(t) are the fluorescence intensities polarized
parallel and perpendicular with respect to the polarization
direction of excitation. The anisotropy decay, r(t), can be
described by the time-correlation function of the reorienta-
tion of the emission transition dipole moment (Ichiye and
Karplus 1983, and references cited therein):

r(t) = 2(P2[-a (0) * AL(t)]) e -/Ot (5)

where the factor 2accounts for the maximum theoretical an-
isotropy as a result of photo-selection, P2[. ] is the second-
order Legendre polynomial, ia(o) is the direction of the ab-
sorption transition moment at time t = 0 and ie(t) is the
direction of the emission transition moment at time t. These
directions may be considered separately because light ab-
sorption occurs in about 10-15 s, which is much faster than
the process of internal conversion (- 10-12 s) before emission
starts. The brackets, (... ), denote an ensemble average. Be-
cause overall rotational motion of the flavodoxin (with ro-
tational correlation time 4y) is on a different, much longer,
time scale, Eq. 5 becomes:

r(t) = 2(P2[-ia(0) .-(t)]) (6)

In case the P2[.. ] correlation function reaches a plateau
value the comparison between the results obtained with ex-
periment and simulation are given to a good approximation
by (Axelsen et al., 1988):

(P2E[ia(0) . e(t)]) = P2[cos8] . (P2[A(0) _ F(t]) (7)

where 8 is the angle between the absorption and emission
transition moments and is the direction of either the absorp-
tion or emission transition moment. The anisotropy can then
be calculated by substitution of Eq. 7 in Eq. 6.
The direction of the absorption transition moments in the

oxidized flavin chromophore is deduced from the work of
Johansson et al. (1979). When calculating the P2 correlation
function, the emission transition moment was taken parallel
with the first absorption transition moment (8 is 00). From
Fig. 5 it is evident that the P2 correlation function reaches a
plateau for both the oxidized and reduced protein-bound fla-
vin. The high plateau values indicate that the flavin chro-
mophore is more or less immobilized within the protein
matrix. For reduced flavodoxin a plateau value was found
that was somewhat higher (P2 = 0.95). From the work of
Leenders et al. (1993a), the angle 8 between the absorption
and emission transition moment in reduced clostridial fla-
vodoxin was determined to be 30.10. Substitution of these
values in Eqs. 6 and 7 yields a calculated anisotropy of
0.250, in excellent agreement with the experimentally de-
termined value of 0.249 ± 0.002 (Leenders et al., 1993a).
Using the fact that angle 8 is 10.50 in oxidized flavin
(Leenders et al., 1990a; Bastiaens and Visser, unpublished
results), the plateau value of P2 = 0.91 corresponds with
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FIGURE 5 Time-correlation function P2(t) describing the reorientation of
the first absorption transition dipole moment of oxidized (OX) and reduced
(HQ) flavin. The orientation of the transition moment of reduced flavin is
assumed to be identical with that of oxidized flavin (see text).

an initial anisotropy value of 0.346, which perfectly
matches the experimentally determined initial anisotropy
of 0.35 ± 0.01 (Leenders et al., 1993b). Because the
calculated and experimentally determined initial anisotrop-
ies match very well, this confirms the motional rigidity of
the protein-bound flavin as described by the dynamics
calculations.
The simulation of the oxidized flavin did not reveal any

nanosecond rotational motion as was demonstrated with
fluorescence anisotropy measurements. This anisotropy de-
cay component, which is thought to be an intermediate be-
tween the protein-bound and dissociated flavin chromo-
phore, is an order of magnitude slower than the time scale
of the calculations. Therefore, much longer simulations,
without positional restraints within the protein matrix, would
have to be performed to allow the noncovalently bound flavin
to evolve to more loosely bound configurations.

Because the freely simulated inner sphere was chosen
large enough, the three tryptophan residues were also al-
lowed to undergo unrestrained motion. Analysis of the time
correlation functions therefore can yield valuable informa-
tion about the mobility of the tryptophan residues in a pas-

teurianum flavodoxin, because polarized fluorescence stud-
ies of tryptophan dynamics in flavodoxin have only been
reported for rubrum class of flavodoxins (Leenders et al.,
1990b). The location of the absorption moments in the mo-
lecular frame are known from earlier work (Yamamoto and
Tanaka, 1972). To gain insight in the dynamic behavior of
the tryptophan indole side chains, the P2(t) was calculated
for the three tryptophans in the oxidized and reduced fla-
vodoxins. From Fig. 6 it can be deduced that the three tryp-
tophans have different motional freedom. In oxidized fla-
vodoxin residue Trp6 shows slight motion on a long time
scale, whereas residue Trp95 seems to be almost completely
immobilized. Residue Trp9O, however, shows a large mo-

tional flexibility. In reduced flavodoxin Trp95 is also im-
mobilized. Residues Trp6 and Trp9O have significantly more
motional freedom than in oxidized flavodoxin.
From the crystal structure it is known that the indole side

chain ofTrp9O and the isoalloxazine ring system of the flavin
are coplanar. The differences in motional flexibility of resi-
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FIGURE 6 Time-correlation function P2(t) describing the reorientation of
the 'L. absorption transition dipole moment of the three tryptophan side
chain in oxidized and reduced flavodoxin. A limiting anisotropy of 0.31,
corresponding to an angle 8 = 22.80 (see Eq. 7), has been taken into account.
A, Trp6; B, Trp9O; C, Trp95. It is clear that residue Trp9O has considerable
motional freedom, whereas residues Trp6 and Trp95 are bound more firmly
(see text for details).

due Trp9O and the flavin chromophore, however, indicate
that both residues have rather uncorrelated motion (this was
already demonstrated in Table 1).

Tryptophan-to-flavin energy transfer

Tlhe three tryptophan residues and the flavin in the clostridial
flavodoxin are separated by an average distance of about 1.2
nm. The interaction between the tryptophan residues and the
flavin is monitored by calculating the Forster-type of energy
transfer, which occurs due to dipole-dipole coupling. The
rate of energy transfer from tryptophan donor to flavin ac-

ceptor, kET (in ns-1), can be expressed by:

kET = TT = (8.79 * 1017)K2-R 6Jn4 (8)ET ~~~~~~TR
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TABLE 5 The calculated K2/RI ratio averaged over the 7500 subsequent oxidized flavodoxin structures*

MD X-ray

Donor Acceptor K2/R6 TET (Ps) K2/R6 TET (Ps)

Trp6 ('La) FMN 0.679 15.3 ± 3.9 0.667 15.6
Trp6 ('Lb) FMN 0.040 247.0 ± 54.2 0.026 400.0
Trp90 ('La) FMN 13.108 0.79 ± 0.40 14.882 0.70
Trp90 ('Lb) FMN 170.91 0.06 ± 0.04 422.01 0.02
Trp95 ('La) FMN 0.807 12.9 ± 3.1 0.674 15.4
Trp95 ('Lb) FMN 0.081 128.0 ± 27.4 0.103 101.0

* The ratio for the initial crystal structure is given for comparison. The fluorescence lifetime, TET, as a result of the tryptophan-to-flavin energy-transfer
are also given (in ps). Errors are estimated from standard deviations in the K2/R6 ratio and from the degree of uncertainty introduced by averaging the two
Desulfovibrio overlap integrals. For details see text.

In this equation, TR is the (radiative) fluorescence lifetime of
the tryptophan donor in the absence of the flavin acceptor,
n is the refractive index of the medium between donor and
acceptor, and J is the spectral overlap integral given by:

=J F(v)E(v) dv (9)

where F(v) is the normalized fluorescence spectrum of tryp-
tophan as a function of frequency v, and E(v) is the molar
extinction coefficient of the flavin. The geometric param-
eters are the tryptophan-flavin center to center distance R (in
nm), and K2, which is the orientation factor for the dipole-
dipole interaction given by:

K2 = [sin Od * sin Oa * cos 2{COS 0d c Oa}]2 (10)

Here is the angle between the plane through the emission
transition moment of the tryptophan donor and the separation
vector and the plane through the second absorption transition
moment of the flavin acceptor and the separation vector, and
Od and 0a are the polar angles made by these transition mo-
ments, respectively, with the separation vector.

Experimental measurements of tryptophan-to-flavin en-
ergy transfer involve averages over large ensembles of fla-
vodoxin molecules. These results can be directly compared
with those obtained from the simulations if the entire protein
was simulated in a solvated state for a long period. The struc-
tural fluctuations of the flavodoxin would then be sampled
with statistically significant frequencies. Because of com-
putational limitations only the active site of the flavodoxin
was simulated in a solvent sphere; however, the effects of
internal motion upon the energy-transfer rates can be esti-
mated from our calculations.

Because tryptophan has two potentially involved excited
states, 'La and 1Lb, both rates of energy transfer to the flavin
can be calculated. For the ease of calculation the location of
the emission transition moments was taken parallel with the
absorption transition moments determined by Yamamoto
and Tanaka (1972), and the second flavin absorption moment
in oxidized flavodoxin was taken from the work ofJohansson
et al. (1979). For reduced flavodoxin no exact location has
been reported in literature for the latter transition moment.
Therefore, energy transfer calculations can only be per-
formed for oxidized flavodoxin.

Because R and K2 are the only variables in the ensemble,
averaging over K2/R6 is equivalent to averaging over kET (see
Eq. 8). We calculated the values of K2/R6 directly from the
x-ray structure and compared these with the ones averaged
over all subsequent MD-structures (see Table 5). It is obvious
that the energy-transfer rates calculated for the crystal struc-
ture and the averaged MD-structure are unequal. Because the
flavin ring system is relatively immobilized, this difference
is mainly the result of dynamic effects of the tryptophan
indole ring. Using the K2/R6 ratio in combination with the
radiative lifetime and the overlap integral the energy transfer
rate can be calculated (Eq. 8). The radiative lifetime of tryp-
tophan fluorescence was taken as 20 ns (Hochstrasser and
Negus, 1984), and the refractive index was taken as 1.4 (Eis-
inger et al., 1969). The overlap integral was determined for
the somewhat different D. gigas and D. vulgaris flavodoxins
(Leenders et al., 1990b). Taking the overlap integral for clos-
tridial flavodoxin as the average of the two Desulfovibrio
overlap integrals (i.e., 0.84 * 10-14 cm3/M), energy-transfer
times in the subpicosecond to subnanosecond range could be
calculated (see Table 5). These values are in the order of the
ones determined experimentally (Leenders et al., 1990b).

CONCLUSIONS

From the simulations it clearly follows that the overall active
site conformation is similar in the averaged MD structures
and the initial crystal structures. In particular, regions com-
prising a-helices and 13-sheet have almost identical struc-
tures. However, regions with a somewhat altered conforma-
tion are also found. The backbone conformation of residues
57 to 63 shows rms differences of 0.15 nm (with side chains
rms differences of up to 0.3 nm). These regions are located
in the active site, near the flavin chromophore. The oxidized
flavin only shows small rms differences, whereas the reduced
flavin ring system has larger rms differences. This effect
might be the result of the chosen charge separation for the
nonprotonated atom N(1) in reduced flavin. The simulations
further indicate that, on the time scale of the calculations, the
flavin in oxidized as well as in reduced flavodoxin is im-
mobilized in the protein matrix. The tryptophan residues
have different motional flexibility. Residues Trp6 and Trp95
are almost immobilized, whereas residue Trp9O, which is
located at the periphery of the flavodoxin, has a large mo-
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tional freedom, particularly in the reduced flavodoxin. This
could be deduced from the large rms fluctuations of the
Trp9O side chain atoms as well as from the fast decay of the
P2 time-correlation function. This flexibility may play a role
in optimizing the electron transfer pathway to suitable elec-
tron acceptor proteins.

In vacuo simulations that have been performed earlier
(data not shown) yielded anisotropies for the flavin that dif-
fered from the values found experimentally. Solvent inclu-
sion mainly effects residues located at the periphery of the
protein and is therefore necessary when comparing calcu-
lated and experimentally determined parameters, as was
demonstrated when describing the motional behavior of the
protein-bound flavin. In our simulations all initial solvent
molecules were part of the bulk. No information about crystal
water molecules was added. During the simulations the water
molecules partitioned into two groups: solvent molecules in
bulk with high rms fluctuations and solvent molecules which
are protein-bound (small fluctuations). It was demonstrated
that the latter solvent molecules are located similarly to the
water molecules found in the crystal structures.
From fluorescence and fluorescence anisotropy experi-

ments, it is sometimes very difficult to explain all the con-
tributions in the decay profiles. From the simulations energy
transfer rates could be calculated for the separate tryptophan
residues. This is hardly possible in case of the experiments
where one has to use proteins with selectively modified or
changed residues.

In the case of flavodoxin, which has a compact and rigid
structure, the use of spherical boundary conditions led to
good results. However, one should keep in mind that spheri-
cal boundary conditions can only be used with considerable
care, especially when little is known about dynamic prop-
erties of the protein under investigation.
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